Abstract: We present experimental and theoretical studies on terahertz surface plasmon (TSP) propagation on slit and rectangular aperture arrays in an aluminum sheet. Terahertz waves are coupled onto the plasmonic structures via a parallel plate waveguide. Long-lasting oscillations are observed in the temporal pulse shape after propagating through the periodic structure, whose Fourier transformation into the frequency domain results in Bragg-resonance spectral features. We show that the interference between the incident wave and the radiation reflected from both the aperture array and the waveguide block is responsible for this Bragg-resonance behavior. The reflection coefficient for a single slit is deduced to be 0.017 ± 0.002.
Introduction
Zenneck and Sommerfeld in the beginning of the 20th century theoretically demonstrated that electromagnetic (EM) waves can propagate on a flat metal surface [1] and a cylindrical metal wire [2] , respectively. Recently, subpicosecond THz pulses have been guided between two metal plates using a parallel-plate waveguide (PPWG) [3] . PPWG is good coupling tool to generate surface plasmon on metal surface. Zenneck and Sommerfeld in terahertz (THz) frequency were demonstrated on aluminum plate and single metal wire surface [4] . The electron plasma oscillations in a flat metal surface support surface plasmon polaritions (SPP's) [5] . However, the higher confinement of THz surface plasmons (TSPs) at flat interfaces requires a different method such as using highly doped semiconductors [6, 7] because the fundamental plasma frequency of the metals falls in the ultraviolet part of the spectrum. Alternatively, a periodic array of apertures milled on a metal surface also supports geometrically induced or spoof SPPs [8, 9] . Specifically, few hundred micron size patterns in a metal surface induce spoof SPPs in the THz frequency range [10] . In the effective medium picture, evanescent fields penetrate into the plasmonic structures akin to SPPs at visible frequencies. Geometrically induced SPPs were firstly verified in reflection experiments on substrates perforated with holes at Gigahertz frequencies [11] . Recently, THz transmission properties have been studied using thin and subwavelength metallic hole arrays [12] . Also, THz spoof surface plasmons have been studied theoretically in grooved [13] and dimpled structures [14] . Metal film with periodic slits can be considered an effective dielectric slab when the slit width is smaller than the wavelength of the propagation wave. The slits improve the bound-ness of surface waves on metal [15] . In this paper, we investigate, experimentally and theoretically, THz surface-bound waves propagating on periodic plasmonic structures such as slit and rectangular apertures. We experimentally deduce the reflection coefficient by single apertures, and compare with theory.
Experimental setup
The experimental apparatus is illustrated schematically in Fig. 1(a) . A PPWG is used to couple the air traveling THz pulses to the Al sheet which is located between the two Al PPWG blocks. The coming out THz radiation is composed of a free space wave and bounded surface wave (Zenneck wave) on the Al sheet [16] . Most of the free space THz wave propagates close the Al surface, but slowly increasing -z-distance as it advances. The distance from the surface at the end of Al sheet to the center of the free space wave is about 3mm by FDTD simulation. Since the most of field intensity of the free space wave is radiated in the air, the free space wave effect was not explicitly considered in analysis. There is a 100µm wide air-gap between the surface of the Al sheet and the bottom surface of the upper waveguide block to generate a single mode THz wave. The plano-cylindrical lens produces a line focus on the input air gap. Since the incoming THz wave polarization (z-direction which is parallel to optical table) is perpendicular to the waveguide block's surface, only TM modes are generated. As the PPWG has a 100µm air-gap, the first two cutoff frequencies are 1.5 and ) shows the photo image of the slit edges. The slit array is located at ℓ = 480µm away from the edge of the waveguide block, with each slit having a 80µm width (a), 10mm length (that we consider as infinite), 50µm thickness (h), and 400µm slit-to-slit separation (d). The array is comprised by 25 slits perforated in the Al sheet. The generated TSPs propagate on the slit array and radiate into air at the end of Al sheet. Because of the easy coupling of TSP pulses into freely propagating radiation [16] , these can be detected by the THz time-domain spectroscopy system as shown in Fig. 1(a) .
Measurements and analysis
Measurements of the TSP signal radiated at the end of the Al sheet are shown in Fig. 2(a) . The main THz pulse caused by the free space wave and TSP without slits effect. The well defined oscillation pulses caused by the slits appear after the main TSP pulse. We note that the quasiperiod of the long-term oscillation is about 2.66ps, which corresponds to the round-trip time over the array period, suggesting Bragg-reflection effects. Indeed, Fig. 2(b) shows the Fourier-transform of later-time traces from 10ps to 55ps, displaying now prominent spectral peaks that is spaced by 0.375THz 2 c d ≈ . The physics behind the appearance of these frequency components is as follows: when the main TSP pulse propagates through a slit, the majority of the TSP pulse keeps travelling along the forward direction while a small fraction is reflected by the slits. The reflected wave travels backward and is then strongly reflected by the waveguide block, again propagating forward. The interference between many of these events leads to the measured spectrum, shown in the inset of Fig. 2(b) . Thus, the measured THz TSP spectrum can be expressed as The interference of these two contributions results in the multiple Bragg resonance-like features shown in Fig. 2(c) that are composed of a maximum and a nearby minimum, very similar to Fano-like features [18] . Up to 55psec time domain data are used to calculate the spectrum. The background spectrum noisy is from unknown reflected pulses from the THz system especially around 1.2THz frequency range. It is remarkable the good agreement between the experimental data and the theoretical fitting using Eq. (1), shown in dashed line in Fig. 2(c) . As R is very small, we neglect the higher order terms in Eq. (1), which describe the reflection by two or more slits. The calculated THz spectrum merits further comments. Through the fitting procedure, ℓ and R can be estimated to be 506µm and 0.017 ± 0.002, respectively. Note the good agreement between the measured ℓ (480µm) and the fitted result. We expect the reflection coefficient is not linear relation to the slit width. The relationship between slit width and reflection coefficient will research in future. As we increase the length by 50µm intervals, Fano-like features indeed appear. At 0.75THz ( λ = 400 m µ ), indicated by a dashed circle in the figure, each increment of ℓ in 50µm leads to a resonance phase shift of π /2. When ℓ is equal to 150µm (top of Fig. 3 ), the phase of each resonance relative to the background depends on the frequency, and therefore, each resonance displays distinctive features. The broad background band is needed to display not only the constructive interference but also the distinctive interference.
We now discuss similar spectral features in THz waves propagating on rectangular hole arrays. When TSPs travel along a periodic arrangement of rectangular holes, the Braggreflection induced Fano-type spectral features are also observed as shown in Fig. 4 . The holes are 80µm-width and 250µm-length, and the thickness of the sheet is 50µm. The upper panel shows the spectrum for a hole array whose period along the direction of propagation is d x = 400µm and along the transversal direction d y = 330µm. The lower spectrum corresponds to another sample with d x = 470µm and d y = 400µm. The lengths ℓ of the upper and the lower spectra are 250µm and 175µm, respectively. The dashed lines indicate calculated spectra showing good agreement with experiments. As a result of the fitting of our experimental data, we find that the reflection coefficient, R, of a single aperture (for both slits and rectangular holes) is also equal to 0.017 ± 0.002. In order to check the value of R obtained from the fitting of our measurements to Eq. (1), we have carried out modal expansion calculations [19] of the scattering of THz SSPs by a single slit with the same geometry as considered in the experiments. The dielectric properties of the aluminum sheet are modeled through the surface impedance boundary conditions [20] , which are an excellent approximation at THz frequencies. Two distinct coefficients are calculated, R I and R NI (see input Fig. 5) , which describe the reflection of the SPPs at the illuminated, and non-illuminated side of the sheet, respectively. Figure 5 renders the modulus of these two reflection coefficients as a function of frequency within the spectral range considered in the experiments. We have introduced another magnitude, R T , which is defined as the sum of the modulus of the previous coefficients. R T can be compared with the experimental value for R, as radiation coming from both sides of the film contributes to the signal measured in the far-field.
Theoretical calculations of the reflection coefficient
Note that the reflection coefficient in Fig. 5 shows a strong peaked feature at 2.8 THz. It is associated to the formation of Fabry-Perot like resonances inside the slit and along its depth. To a first approximation, the lowest resonant frequency is given by / 2 3.0 THz f c h = = , which is in good agreement with the spectral location of the maximum obtained through modal expansion calculations.
It is also remarkable the reasonable agreement between the measured frequency independent reflection coefficient and the theoretical spectrum shown in Fig. 5 . The small discrepancy between the two magnitudes can be due to the approximations performed in Eq.
(1), which does not take into account aspects such as higher order reflection waves, the coupling of through the slits, or the scattering out of plane of the TSP at the PPWG blocks.
We finally note that the sample parameters reported here are not conducive to observe strong features of designer surface plasmons. Due to the fact that the metal films considered in this experimental study are extremely thin, the flat part of the dispersion relation of the designer surface plasmons appears at very high frequencies and, therefore, the propagation characteristics of the TSPs are dominated by diffraction effects. Nevertheless our experimental and theoretical study provides the solid existence of Bragg reflections which will, with further analyses varying the geometrical parameters, lead us to observe more striking features in the future.
Conclusions
In conclusion, the propagation properties for TSP with slit and rectangular hole arrays have been studied in the THz regime. The spectral features result from the Bragg reflected multiple waves interfering with directly transmitted waves. The resulting spectra can in turn be used to deduce reflection coefficient associated with a single aperture. A theoretical model has been developed to describe the Bragg-reflection processes, which is in good agreement with the experimental results.
